Wireless charging pads such as Qi are rapidly gaining ground, but their limited power supply range still requires precise placement on a specific point. 2-D wireless power transfer (WPT) sheets consisting of coil arrays are one well-known counterpart to extend this range. However, these approaches require custom-made designs by expert engineers; what we need is a WPT system that can be reconfigured by simply placing ready-made modules on the intended surface (e.g., table, floor, shelf board, etc). In this paper, we present "Alvus", a reconfigurable 2-D WPT system which enables such simple construction of WPT surfaces. Our system is based on multihop WPT that composes "virtual power cords" and consists of three types of ready-made resonator modules: (i) transmitter, which outputs energy, (ii) relays, which pass energy down to the next module, and (iii) receivers, which receive energy and charge the loads. We show that power can be transferred efficiently (over 25%) within a range of 19.6 m 2 using a single transmitter. We implemented an end-to-end WPT system and demonstrated that Alvus is capable of intuitive construction/reconfiguration of WPT surfaces, as well as automatically deciding the power routes based on the sensed information (e.g., receiver location, module placement, obstructive objects).
INTRODUCTION
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causing clutter has become a familiar sight in typical home and office environments; this not only spoils the appearances but also makes it difficult to arrange mobile devices (e.g., sensors, cameras, displays, and robots) in intended layouts. Although wireless power transfer (WPT) standards such as Qi [9, 50] appeared, these chargers only provide a point-to-point solution, which still requires users to place devices at a specific point and limits mobility. As many electrical devices are placed or hung on surfaces such as a tabletop, walls, and the floor, augmenting these surfaces for power supply is probably the most rational and natural way to eliminate power codes in daily environments.
In this paper, we propose Alvus, a reconfigurable system that enables the accommodation of wireless power capability on floors, tables, and walls; using our system, end-users can retrofit existing 2-D surfaces by simply arranging ready-made modules. Unlike existing 2-D power supply sheets [7, 27, 38, 39] , Alvus can dynamically configure virtual paths through which electric power passes on the 2-D plane, as shown in Fig. 1 .
The features of Alvus are as follows:
• Easy augmentation of the surface: All the users have to do is to arrange Alvus modules so that they fit into the intended surface.
• Wireless interconnection between modules: Each Alvus module has no physical connection and is charged wirelessly; unlike typical coil array systems, there is no need to wire modules together.
• Automatic generation of virtual power cords: The system automatically detects the placement of the modules, finds the receivers, and directs energy to the receivers. Additional protocols, such as detouring troublesome objects and avoiding human bodies to prevent unnecessary electromagnetic field exposure can also be developed on Alvus.
The key technology underlying in Alvus is multihop WPT, which is a technology based on magnetic resonant coupling and has the potential of dynamically configuring the energy route. Existing WPT methods are classified into far-field and near-field systems. Although many wide-range wireless power supply systems using far-field (e.g., microwave) WPT methods have been proposed [6, 44] , such systems can only transmit several milli-watts at most, due to health and safety concerns. Thus, to efficiently provide several watts of power near surfaces such as floors and walls, it is necessary to use near-field WPT systems.
Currently, the most successful near-field wireless charging standard is the Qi standard. Qi is based on inductive coupling WPT, which is highly efficient when perfectly aligned, although the covering range forms a single "point". It may be possible to assort a bunch of Qi transmitters and form a dense array; however, since this is still a set of "points", it requires an extremely dense placement, an impractical number of coils, and an accordingly impractical amount of wiring to form a wide surface. Magnetic resonant coupling-based WPT is also a near-field method, which transfers energy via the inductive link between coil resonators [18] . This method has high efficiency in mid-range and therefore brings about a degree of positional freedom [33] ; however, as this method is based on near-field magnetic field, the transmission range is still limited to the proximity of the transmitter. This issue can be solved by constructing arrays of transmitters. For example, 2-D transmitter array systems [39, 48] and phased array WPT systems [11, 40, 52] have extended the capability of WPT to surfaces. However, these transmitter arrays usually need to be interconnected by wires that supply power to each transmitter. Therefore, the shape cannot be modified easily, and an order-made design is premised, resulting in a high-cost and permanent system installation. In contrast, "multihop" WPT, which uses multiple "relay" resonators to extend the power transmission range, is a technology that interconnects these elements within 2-D arrays in a wireless manner. Instead of directing power to each transmitter through wires, power can be made to "hop" through the inductive coupling between relay resonators; consequently, wired interconnection within the 2-D array becomes unnecessary. This technology has the promise of intuitive construction/reconfiguration of WPT surfaces, by simply placing ready-made modules on the intended surface.
Although the concept and theory of multihop WPT has been investigated, no prior study has presented a full end-to-end 2-D multihop WPT system. While it is clear that multihop WPT can bring about unfathomable benefits in terms of construction/reconfiguration, we notice that many unavoidable challenges exist. Even imagining a simple procedure such as delivering power to a given coordinate, multihop 2-D WPT systems need to figure out the location of each module and know which module to activate, since the modules can be naturally shuffled, whereas typical 2-D arrays can simply switch on the transmitter based on the fixed configuration. Such difficulties are present everywhere in the system architecture, which brings about difficulty not only in solving each problem but also in the integration of all solutions. To overcome these challenges, we first organize the primitive functions needed and then break them down into physical implementations. The key challenges we address in this process are the following: (a) detection and map generation of the modules composing a 2-D array (b) receiver proximity detection, (c) dynamic power routing, (d) obstacle object detection, and (e) power distribution to each module. Finally, all these functions are integrated in Alvus, which enables our reconfigurable and dynamic power routing concept.
The contributions of this work can be summarized as follows:
(1) System design of a reconfigurable 2-D WPT system: We organized the required operation procedures into four components, broke them down into six primitive functions, and integrated them into a single system. (2) End-to-end system implementation: We designed and implemented resonator modules of Alvus as well as its software and integrated it into an automated end-to-end system. (3) Comprehensive system evaluation and demonstration: We conducted comprehensive evaluations (e.g., energy efficiency, detection sensitivity, time overhead, etc.) to explore the performance of our system. We also demonstrated the capabilities of our system by building three applications: a wireless charging desk, a wireless charging shelf, and a wirelessly powered robot.
In section 2, related works on WPT are revisited. Section 3 introduces the system design of Alvus. The technical challenges and implementation details are explained in section 4. Evaluation results of the system are shown in section 5. Finally, potential applications and limitations of this system are discussed in section 6.
In this section, we provide a brief introduction to existing works on WPT and explain our motivation behind using multihop WPT for our solution.
Microwave Power Transfer
WPT using far-field microwaves is one of the most intensely studied methods in WPT [2, 3, 6, 44] . The transmitter antenna generates microwaves and the receiver antennas receive it; this is identical to the physical layer of typical wireless communication (i.e., cellular, Wi-Fi, Bluetooth, etc). Due to the nature of far-field waves, the power transfer range of this method is known to be long in ideal setups (i.e., large antenna arrays with numerous elements, sophisticated control systems, etc); therefore, applications such as space solar power station (SSPS) [23, 35, 45] and ubiquitous WPT [46] have been explored. In typical microwave power transfer systems, the footprint of the transmitter/receiver needs to be comparable to the wavelength, therefore the typical frequency band used in this method is around a GHz. This brings about low efficiency in the AC-to-DC and DC-to-AC conversion, and moreover, the SAR per transmitted power tends to be typically high in these frequencies. Consequently, the amount of power that can be delivered within regulatory guidelines is low. Another research trend on microwave power transfer is ambient energy harvesting, wherein power is harvested from existing microwaves such as TV broadcasts and Wi-Fi to drive battery-less sensors [10, 15, 29, 34, 42, 49] . However, the power levels of these systems are limited to several microwatts of power as ambient microwave signals are inherently small. Alvus aims to deliver power over several watts; therefore, microwave power transfer is unsuitable for our proposal.
Inductive Power Transfer
Inductive power transfer is a method that transfers power via the inductive link between coils [8] . This method is used in the commercially successful Qi standard [50] . Although inductive WPT is known for its high efficiency and is considered safe, the typical transfer distance is short (e.g., up to a centimeter), which limits mobility. Moreover, its efficiency drastically decreases when the transmitter coil and receiver coil are misaligned, so power can only be delivered to a single point. Some systems use 2-D transmitter coil arrays to overcome this issue. Such systems connect many transmitters to a power source via many switches and selectively activate the transmitter in proximity of the receiver [39, 48] . While these systems can effectively direct energy to the intended position, the shape of the coil array cannot be freely designed nor reconfigured by the users. This opposes our vision of the interactive and instant fabrication of WPT surfaces.
Magnetic Resonant Coupling Wireless Power Transfer
Wireless power transfer based on magnetic resonant coupling (WPT-MRC) is a method introduced by Kurs et al. in 2007 [18] . From the viewpoint of circuit theory, WPT-MRC is an extension of inductive WPT, although it uses a pair of inductively coupled high-Q (typically over 100) LC resonators instead of coils. These two methods are identical in the point that energy is sent via the inductive link [14, 31, 32] . WPT-MRC has the promise of high efficiency over mid-range (e.g., up to a meter) power delivery and misaligned conditions; moreover, many studies based on SAR have demonstrated that this method is relatively safe for the human body [5, 21, 22, 43] .
The relatively good misalignment tolerance of WPT-MRC motivated its use in applications such as charging implanted devices [53] , bio-monitoring sensors for animals [24] , and robotics [1, 30] . However, the power transfer range using this method is still around the value of the diameter of the transmitter/receiver coil, which means the power delivery range still remains within the proximity of a single point [8] . Therefore, many attempts have been made to extend this range into 2-D surfaces and 3-D volumes.
Typical 2-D systems are constructed by arranging transmitter resonators into arrays; operations on these arrays can be roughly divided into (a) selective activation, which activates the transmitter in proximity of the receiver [12, 20, 25, 47] and (b) phased array-inspired operation, which adjusts the gain/phase of each transmitter element to form a constructive interference at the receiver [11, 16, 40, 52] . In both (a) and (b), it is premised that the transmitter elements are wired to the central power source, which limits shape modification. As a countermeasure to this issue, Takahashi et al. proposed a "cuttable" WPT sheet, which can be modified into various shapes [47] . However, many rules for cutting still exist; moreover, it is based on irreversible modification. The learning threshold for users still remain high and the shape cannot be "re"configured in many cases.
Another trend is 3-D systems that employ cavity-based resonators [4, 36, 37] . Although 3-D systems are useful, current methods require a full renovation of the room. Furthermore, it is beneficial to keep the magnetic field only where necessary (i.e., where the target device is), especially for high-power applications. Therefore, our belief is that 2-D systems, which have low installation cost and can focus the electromagnetic field on a surface (i.e., floor, table, wall, or any surface that devices are placed on) are still necessary, even while 3-D systems are developed further.
Multihop Wireless Power Transfer
Multihop WPT is a method based on WPT-MRC, which uses the "multihop" phenomenon. When passive LC resonators are placed within a magnetic field oscillating at its resonant frequency (e.g., field generated by transmitter resonator), the placed LC resonator works as a tank of reactive energy and generates a magnetic field distribution in proximity to itself. This phenomenon makes the magnetic field seem to be "repeated" by the placed LC resonators (i.e., relay resonators) and consequently, the range that the oscillating magnetic field reaches (i.e., the power transfer range) is extended [see Fig. 2(b) ]. Moreover, the number of "hops" is not limited to a specific number; by laying multiple relay resonators so that they form a line (or a polyline), the range of the power transfer can be extended accordingly.
Prior studies have investigated the technical aspects of multihop WPT. An analysis of maximum efficiency conditions when the positions of relay coils are varied is a common interest [54, 55] . The effect of coupling between non-adjacent coils (i.e., cross-coupling) is investigated as well since it degrades the transfer efficiency at a given operation frequency [19] . It is also known that the impedance matching conditions depend on the number of hops from the transmitter to the receiver [51] ; a study established an impedance matching method by adjusting the distance between hops to gain consistent input impedance in any-hop systems [27] . There are also works on receiver localization in a 2-D multihop system [7] , and simultaneous power and data transfer on the multihop WPT channel [17] .
One of the concepts Alvus uses is "virtual power cords" on 2-D surfaces [13] ; by packing resonators on 2-D surfaces and activating/deactivating the "hop" effect of each relay resonator, a "virtual power cord" from the transmitter to the receiver can be configured. Shi et al. proposed a multihop WPT system using a planar array of relay resonators and investigated its effect on the system (e.g., shift in optimal driving frequency, power efficiency, etc) when the activated relay coils are varied [41] . While this is similar to our concept, this is only an initial investigation of AC-to-AC performance; investigation at system level and implementation are still necessary to achieve the concept of Alvus.
SYSTEM OVERVIEW
In a big picture, the objective of "Alvus" is to provide a system that the user can construct and re-configure 2-D WPT surfaces, by simply laying ready-made modules on the intended surface. To break down this concept into a physical implementation, we need a technology that (i) enables power delivery over a long distance from a single power source and (ii) allows the power to be directed to the RX thorough untethered modules (i.e., the system can work without a physical connection between Alvus modules, such as "carpet tiles"). (i) is essential for enabling a wide power delivery range since RF power sources are typically expensive and resonator size is restricted by effects introduced by wavelength, and (ii) is a requirement that enables simple and intuitive construction of the functional surface (i.e., the user is not required to perform explicit operations such as interconnecting the modules). From this context, we concluded that "multihop" WPT [see section 2.4 ] is the key technology to enable our concept.
Key Concept and the Primitive Building Blocks of Alvus
While the power delivery range of a typical WPT systems is limited to the proximity of the TX resonator [see 
These LC resonator modules "relay" power to adjacent LC resonator modules and finally pass power down to the RX resonator module. Here, the key idea of Alvus is to construct a surface packed with programmable (i.e., can enable/disable the relay effect) LC resonator modules and dynamically configure the power delivery route by enabling/disabling the relay effect of each module, as shown in Fig. 2 (c). Since this power route is virtual and re-programmable, receivers placed anywhere on the 2-D surface can be powered. Based on this idea, we provide three types of resonator modules, which work as building blocks for Alvus:
(1) Transmitter module: The only module that is connected to the power source. When an RF current oscillating at the resonant frequency f 0 is fed into this module, a magnetic field is generated, which supplies energy to adjacent relay resonator modules. (2) Relay module: The module that relays power from the previous module to the next module [see Fig. 2 ].
The relay effect can be enabled/disabled by toggling the LC resonator between short (enable)/open (disable) state. (3) Receiver module: The module that receives power from the transmitter via the nearest relay module. The received power is rectified and converted to DC, which is supplied to the load device.
All modules can wirelessly communicate with and can be controlled by the central control unit. We assume a setup where the transmitter module equipped together with the central control unit is placed near the power outlet, and the relay modules are placed around the transmitter module to freely extend the WPT-enabled area to an intended shape.
Design Objectives and Operation Procedure
To construct a reconfigurable 2-D WPT system based on multihop WPT, we set the design objectives of Alvus as the automatic execution of the following functions:
(1) Module Map Generation: Detect the topology of the placement of the modules, which form a 2-D surface.
(2) Receiver Proximity Detection: Detect the position of the receiver when it is on the constructed WPT surface. Based on these functions, we designed the operational procedure as shown in Figure 3 . The basic mechanisms used for these functions are described as follows.
Module Map Generation.
The initialization process starts with detecting the positions of the transmitter and the relay modules, and then proceeds to generate a topological map. First, the central control unit commands a single module (module in "signal generation mode") to generate a magnetic field oscillating at the resonant frequency f 0 and the remaining modules (modules in "signal detection mode") to measure the induced voltage [see Fig. 4 (a)]. Assuming that the impedance of the module in signal detection mode is high enough and therefore non-ideal effects such as cross-coupling can be neglected, the voltage induced in the module in signal detection mode |V 2 | can be formulated as follows [7] :
Here, M is the mutual inductance between the modules in signal generation mode and signal detection mode; this is the parameter we intend to extract in this procedure. V 1 and R detect are the voltage applied to the module in signal generation mode and the input impedance of the measurement circuit of the module in detecting mode, respectively. By adopting high-impedance voltage measurement circuits such as opamp-based peak-detectors and using the resulting relationship of approximated as follows:
Since ω 0 , R 1 , |V 1 | are all known parameters, M can be extracted using the measured value of |V 2 |; M has a positive correlation with coupling between the modules, therefore this value determines the "closeness in the terms of magnetic coupling". By repetitively performing this procedure so that every module gets to be in the signal generation mode [see Fig. 3(b-1) ], a full map of modules, which is an non-directed graph, can be obtained.
Receiver Proximity Detection.
The voltage supplied to the receiver is continuously monitored while supplying power; if this voltage falls below the pre-defined threshold value, a request for receiver detection is sent to the central control unit. This voltage drop happens when (i) the receiver module is placed on the WPT surface for the first time (i.e., the route needs to be initialized) or when (ii) the receiver module is moved (i.e., the route needs to be changed). The receiver proximity detection procedure uses the same mechanism as the map generation procedure. When the receiver proximity detection is requested, the central control unit commands the receiver module to work in signal generation mode, while the transmitter and relay modules work in signal detection mode [see Fig. 4(c) ]. From the detected voltage values, the module that is most strongly coupled to the receiver can be found. Finding the most strongly coupled module is essential for WPT, whereas estimating the "physical" position of the receiver is not; the figure of merit that directly corresponds to WPT efficiency is coupling.
Dynamic Power
Routing. Now that we have obtained the map of the transmitter/relay modules and localized the receiver module, the central control unit can generate a route for multihop power delivery and configure the relay modules so that the path is physically established. We set the basic requirements for the route generation as follows:
• Cross-coupling [19] is avoided [see Fig. 5 ].
• The route has no cumbersome foreign objects (i.e., objects that induce loss) on it [see Fig. 3(b-3-2) ]. The first requirement is important as cross-coupling often results in non-desired shifts in the resonant frequency; this causes difficulty in controlling the system as well as a decrease in power transfer efficiency in many cases.
As for the second requirement, we note that when there is a metallic object on the constructed power route, eddy current occurs, which induces a magnetic field that (a) cancels out the incident field and also (b) causes copper loss; these are factors that degrade transfer efficiency. As a countermeasure, Alvus automatically detects the metallic objects on the power route and regenerates a power route that takes a detour to avoid the object when metallic objects exist. The foreign object detection process is conducted in the same manner as the map generation process; our system detects the foreign objects by measuring |V 2 |, which is induced by the magnetic field that the signal generation mode generates [see Fig. 4(a) ]. If a foreign object that could degrade transmission efficiency exists near the module in signal generation mode (i.e., the primary side), eddy current occurs, which makes the mutual inductance M smaller and the resistance R 1 larger, as mentioned above. Consequently, the induced voltage |V 2 | in the Eq. 4 decreases; then, if there is an obvious decrease in voltage compared to the value during the previous map generation process, the system recognizes that a foreign object exists on the module in signal generation mode. Note that we assume there is no foreign object during the initial map generation process; this procedure is conducted immediately after the users finish the installation of the modules, so the users are required to exclude foreign objects during this initialization.
Required Functions of Modules
Now that the operation procedure is defined and the mechanism for each process is considered, we discuss the primitive functions that the modules should possess. The six functions listed below and shown in Fig. 6 are the functions necessary to enable the aforementioned operation procedure: equilateral triangles, squares, and regular hexagons. In each figure, orange and yellow polygons represent the closest (i.e., adjacent) and the second closest polygons to the red one, respectively. In the triangular tiling and the square tiling, there are points where the red polygon and the yellow polygons meet (red points shown in (a), (b)), whereas in the hexagonal tiling such points do not exist. Cross-coupling (in this figure, coupling between resonators on red and yellow tiles) must be avoided since it is known to degrade efficiency in multihop WPT. Therefore, we adopt hexagon as a shape of the resonator coil.
The next section focuses on the details of the implementation of these functions.
DESIGN AND IMPLEMENTATION
The implemented resonator module is shown in Fig. 7 . Each module consists of a LC resonator (i.e., coil made on PCB and lumped capacitor) and a control board, which can be configured to work as any type of resonator module (i.e., transmitter, relay, and receiver) by switching a type-selector switch on the control board. This section first introduces the hardware implementation of Alvus, which enables the required functions mentioned in section 3.3. Then, the algorithm for the dynamic power routing mentioned in section 3.2.3 is described.
Resonator Coil
Hexagon coils were used for the transmitter and relay coil. The shape of transmitter/relay coil is required to be a regular polygon from the viewpoint of modularization; equilateral triangles, squares, regular hexagons are the only regular polygons which can fill a plane. As mentioned in section 3.2.3, cross-coupling should to be avoided in multihop WPT, therefore it is beneficial that non-adjacent modules are positioned as far as possible. Consequently, regular hexagons are the best when taking this into consideration, as shown in Fig. 8 . Our system transmits power via multiple relay coils, so it is essential to minimize the loss at each relay coil. It is important to (a) increase the mutual inductance between transmitter/relay modules and (b) decrease the copper loss of each resonator (i.e., use high Q-factor coils). Increasing the number of turns is a typical way to enhance mutual inductance; we also utilized "distributed reactance compensation (DRC)" technique [26] to suppress the electric field, which consequently decreases the dielectric loss. From the aforementioned requirements, we designed a 4-turn, 25 cm hexagon spiral coil; the resulting Q-factor was around 200 with the control board equipped. As for the receiver, a 6-turn, 10 cm × 10 cm square spiral coil with a Q-factor around 210 was used. Note that although we used fixed sized coils in this paper, the size/shape of these coils does not have to be the same, and can be freely designed based on the use-case.
Control Board
The functional diagram of the control board is shown in Fig. 9 and consists of the following:
• A microcontroller for controlling the module (STM32L073RZ) • Low-resistance mechanical relays for changing module state (TQ2SL-L2-3V-Z)
• High-frequency (6.78 MHz) signal generation/detection circuit • Bluetooth mesh protocol communication modules (Silicon Labs EFR32BG13)
• A Li-Po battery used as an energy buffer for the control board on the module
The mechanical relays are controlled to switch between the six states shown in Fig. 9 . The values of the mechanical relay's isolation and inserted loss at 6.78 MHz are approximately 65 dB and 0.05 dB, respectively 1 . This high isolation enables the relay to be completely isolated (i.e., not function as a resonator) in open mode. The 6.78 MHz signal generation circuit was implemented as shown in Fig. 10 (a) and the signal detection circuit was implemented as shown in Fig. 10 (b) . The signal generation circuit amplifies the signal generated by the 6.78 MHz crystal oscillator and inputs this signal to the resonator so that an oscillating magnetic field is generated. The signal detection circuit measures the intensity of this magnetic field through the voltage induced in the resonator. The induced voltage is converted to DC by a peak-detector and is input to an A/D converter on the microcontroller. Note that we cannot simply use the rectified receiver voltage as we need to set the input impedance of this detection circuit high to minimize the interference between multiple signal detection modules. Otherwise, current inevitably flows in the resonator connected the detection circuit, which affects the magnetic field distribution and consequently the read-out values of other detection mode modules.
As for the communication protocol, we used Bluetooth Mesh, which can establish a many-to-many (m:m) communication. In contrast to the ordinary Bluetooth method, where packets are delivered one-to-one, Bluetooth Mesh delivers packets from one module to all the modules through flooding. The Li-Po battery is an energy buffer used for powering the control board in both relay and receiver modules. As for the receiver module, this battery can also be configured so that it supplies power to an load (i.e., target of power delivery) attached by the user. The microcontroller on each module monitors the voltage of the Li-Po battery; when this voltage falls below a certain threshold, it sends out a request for power to the transmitter 2 . When this request is sent out, power is supplied from the transmitter to the relay in the same manner that the power is delivered to the receiver.
Dynamic Power Routing Algorithm
The pseudo code of the implemented routing algorithm is shown in Algorithm 1. When a power source (i.e., transmitter), multiple destinations (i.e., receivers), and a resonator map (i.e., topology of the placement of transmitter/relay) are input to the algorithm, the routes are returned as an output.
Function FindRoute in the Algorithm 1 is a function that generates the route from the transmitter to a single receiver while avoiding cross-coupling. In the module map generation procedure, Alvus obtains the coupling between modules as a undirected graph; Alvus utilizes this graph to find available routes from the transmitter to the receivers. Now the route generation process can be abstracted to the process of determining a path between two nodes of the graph. Although there are many methods to determine a path between two nodes of graph, we chose to implement an algorithm based on the breadth-first search, since this generates the shorted path between the two nodes.
As shown in Fig. 11 , not all nodes can be used since the established paths bring about constraints to avoid crosscoupling. By excluding these unavailable nodes, only routes without cross-coupling are explored; consequently, the solution space to be explored shrinks and the time used to search is shortened. Figure 12 describes the flow of the power route generation process; the function FindRoute is executed in an iterative manner until the routes that reach all receivers are determined. As mentioned in section 3.2.3, if foreign objects are detected by the route validation procedure, the system generates a route which avoids them; this is achieved by simply removing the module(s) on which the foreign object exists from the resonator map before the route calculation.
We note that whether all the receivers can be powered simultaneously via the abovementioned procedure depends on the configuration of the modules. Two example cases are shown in Fig. 13 . In the case of Fig. 13(a) , power can be supplied to all the receivers at the same time. However, if receivers are placed so that three cells are adjacent as shown in Fig. 13(b) , cross-coupling occurs when we try to simultaneously charge all the receivers. This can be solved by introducing "time-division power supply". By alternately generating the routes shown by the red arrows and the ones shown by the blue arrows, it is possible to supply power to all the receivers without causing cross-coupling. In the current implementation, when a route that can simultaneously charge all 2 Even in the case that the battery gets empty, our system can charge it. When the battery voltage falls below another threshold, relay modules automatically change its state to charge mode. Also, to ensure that "dead" relays are not missed, the transmitter periodically sends ACK packets to each relay to check if it is still active. In the case there is no response, the transmitter considers the relay to be dead and charges it. the receivers (let n be the number of the receivers) at once cannot be found, the routing algorithm outputs n routes that reach each receiver via the shortest path; these routes are configured one a time so that each receiver can receive power in turn.
EVALUATION 5.1 Power Transfer Efficiency
In this section, we evaluate the power transfer efficiency of Alvus through measurements. Since Alvus delivers power using multihop WPT, copper loss occurs in each relay coil on the route. Therefore, one interest is the ▷append the modules on the routes to the search candidates end else restore Q to the last state of the i-th search; ▷continue to search from where we ended last time end while Q is not empty do target ← dequeue from Q; adjacent_modules ← enumerate all modules adjacent to target using a resonator map M; foreach module_to_be_searched in adjacent_modules do if module_to_be_searched is Destination then ▷if a route was found, return it return the route from Source to Destination else if module_to_be_searched is available then ▷if the module will not cause cross-coupling, enqueue module_to_be_searched to Q ▷append the module to the search candidates end end end return empty route;
▷there is no route to the destination end relationship between the number of "hops" and efficiency. As we consider 2-D WPT systems, our system needs to be robust against parallel misalignment, therefore we also conducted the "number of hops" measurement under the condition that the receivers are misaligned. Another interest we consider is whether the efficiency is dependent on the shape of the route when the number of hops is a fixed number. Furthermore, we evaluate the loss of efficiency caused by cross-coupling and see if this drop can be avoided by using an alternative route. Finally, the DC-to-DC power transfer efficiency, that is, end-to-end power transfer efficiency of our system is evaluated. Fig. 14(a) . A vector network analyzer (VNA) is used to extract the S-parameters from the transmitter to the receiver. Note that n relay modules are linearly arranged between the transmitter/receiver pair without physical connection. The receiver module is placed on the n-th relay (or the transmitter when n = 0) and power is transferred via n + 1 hops. Using the measured S-parameters, we calculated the maximum transfer efficiency when the real part of load impedance can be varied [28] . We used this figure of merit since it is known that the real part of load impedance can be adjusted through the voltage conversion ratio of DC/DC converters, whereas the tuning of the imaginary part of load impedance is still an challenge unless bulky capacitor banks are used. This calculated value was used as measured efficiency. As our focus is not to optimize impedance conversion mechanisms but to provide a proof of concept of a reconfigureable 2-D WPT system, we consider the integration of these maximum efficiency point tracking mechanisms as future work.
The Number of Hops and Misalignment of Receiver. The measurement setup is shown in
The measured efficiencies when the receiver module is placed on the five points shown in Fig. 14(b) are shown in Fig. 14(c) ; this is the power transfer efficiency with n relays and lateral misalignment. The efficiency with the relay coils removed are also plotted for reference [the Fig. 2(a) case] . It can be seen that positions A, B, and D show nearly the same efficiency, whereas C and E show a 10% to 20% drop, although the efficiency exceeds 40% efficiency in a large area.
The next factor we considered is vertical misalignment. We aligned the n-th relay coil and the receiver coil and set the height of the receiver to h = 0, 5, 10 cm. We note that 10 cm is equal to the length of one side of the receiver's coil [see Fig. 7] . The results are shown in Fig. 14(d) . We can see that the degradation of efficiency when the distance is extended from 0 cm to 10 cm is around 10% at most. This confirms that Alvus is capable of scenarios where the transmitter/receiver are separated, such as when placing relay modules under the table and the powering devices on the table. From Fig. 14(c)(d) , we notice that even when power is delivered via 10 relay modules, the transmission efficiency keeps a value around 30% to 40%. Since the width of the transmitter and the relay coils are 25 cm [see Fig. 7(a) ], the length of 10 relays is 2.5 m. Consequently, Alvus can cover the area of 5 m diameter (i.e., approximately 19.6 m 2 ) by placing untethered relay modules around the transmitter.
Bending the Power
Route. Next, we investigated the variation of the power transmission efficiency when the power route is bent. One transmitter and four relays are arranged so that cross-coupling does not occur, and the receiver is placed on the center of the fourth relay module. The transmission efficiency was measured in the same manner as in section 5.1.1. The evaluated routes and the corresponding efficiencies are shown in Fig. 15 . We can see the efficiencies of the bent routes are approximately equal to those of the straight route; this means that the efficiency is nearly independent to the geometry as long as the number of hops are the same and cross-coupling does not occur.
5.1.3 Cross-Coupling. Next, we evaluated the efficiency degradation caused by cross-coupling. As shown in Fig. 16(a) , the transmission efficiency using a straight 4 hop power route is 64.5%. Fig. 16(b) shows that when a new relay module is placed so that it causes cross-coupling (this corresponds to situations such as when the branch of the power route appears), the efficiency drops by 10.7%. Furthermore, in Fig. 16(c) , it is shown that Alvus can mitigate this efficiency drop by taking a detour. Although an additional loss of a few percent is induced by the extra one hop, the resulting efficiency increases by 5.5% when compared to the cross-coupled case. 5.1.4 DC-to-DC Power Transfer Efficiency. Finally, we evaluated the end-to-end power transmission efficiency of our system, assuming the scenario of creating a wireless charging shelf 3 using Alvus. We taped Alvus modules (one transmitter and seven relays) to the back of a wooden board (width: 130 cm, depth: 50 cm, thickness: 2.5 cm) as shown in Fig. 17(a) . RF current was input to the transmitter module via a class-D amplifier powered by a DC power source, and the receiver was loaded with a 10 Ω resistor, premising the voltage/current ratio of a typical USB2.0 (5 V, 0.5 A) charger. The transferred RF power was rectified via a full-bridge rectifier, regulated via a buck-converter, and then input to the 10 Ω load. The DC-to-DC efficiency was evaluated by measuring the input DC power and the DC power consumption at the load. Since the transfer efficiency depends on the DC voltage powering the class-D amplifier, we manually swept the input voltage and measured the value when the efficiency was maximized [28] . Although our current implementation of Alvus does not automate this sweeping function, it can be integrated by adding monitoring circuits for input voltage/current and using programmable power sources [see section 6.2.1]. Also, note that the constant parameter in this evaluation is transferred power. Since the receiver is connected to a voltage regulator and the load is a resistor, the power consumed at the load is constant and the input power varies depending on the DC-to-DC efficiency. We also evaluated the overall power efficiency considering the power consumption overhead of all modules composing the array. Since it was difficult to directly measure the power consumption of all modules at once, we added "the power consumption of relay resonators [see section 5.5]" to the "input power" and treated it as the overall power consumption. Note that the overall efficiency will approach the DC-to-DC efficiency asymptotically as (i) the transferred power gets larger or (ii) the power consumption of each module gets smaller.
First, we evaluated the efficiency when a single receiver is placed on the positions shown in Fig.17(b) . The efficiency at each position is shown in Table 1 (a). We can see that the efficiency decreases as the distance from the transmitter (e.g., number of hops) increases. From the results at position F and I, we observe that the power supply range is not strictly limited to the surface of the modules but also covers the proximity of the modules. We note that there is a non-negligible decrease in efficiency when compared to AC-to-AC evaluations in sections 5.1.1 and 5.1.2. This is due to the losses in DC/AC, AC/DC, and DC/DC conversions. By improving the conversion efficiency, the gap between AC-to-AC and DC-to-DC efficiencies can be mitigated; we consider this optimization out-of-scope.
Next, we measured the efficiency when two receivers are charged simultaneously. The results are shown in Table 1 (b). These results confirm that Alvus is capable of delivering several watts to multiple devices simultaneously. We also observe a fluctuation in efficiency when the positions of the receivers are varied. Our route generation method does not guarantee maximum efficiency to all devices when there are multiple devices; this limitation is discussed in section 6.2.1.
Resonator Detection
Next, we evaluated the performance of resonator detection (i.e., relay detection and receiver proximity detection). Both the detection of relays and receivers utilize the same mechanism shown in Fig. 4 . The measured value varies by the resonator position (i.e., mutual inductance between two resonators). Therefore in this section, we investigated if this variation is sufficient to (i) detect adjacent coils among non-adjacent coils and (ii) localize the receiver.
Relay Detection.
First, we evaluated the voltage induced in the signal detection mode module when the distance between the two relay modules is varied. The purpose of relay detection is to acquire the adjacent resonator, so a certain resonator ("Target" relay shown in Fig. 18 ) should be detected as adjacent only by the adjacent resonators (i.e., "relay A"s in Fig. 18 ). In other words, there should be a sufficient difference between the measured voltage on the resonators A and the voltage on the resonators B, C shown in Fig. 18(a) . In order to verify this, we evaluated the relationship between the distance between the centers of the two relay modules (parameter d shown in Fig. 18(b) ) and the voltage measured by the resonator modules (|V 2 | in Fig. 4(a) ). This measurement was conducted by using two resonator modules: one in signal generation mode and one in signal detection mode. The result is shown in Fig. 18(c) . The distance d was changed in intervals of 5 cm, and two ways of coil placement were considered [see Fig. 18(b) ]. Also, we note that the plotted value is the average of 100 measured values. The voltage values measured at the position of the resonator A, B, C are 2991 mV, 1777 mV, 1715 mV, respectively. Since there is a large difference between the value acquired at the position of resonator A and that of B and C, we confirm that resonators can detect the adjacent modules by setting an appropriate threshold. 
Receiver Detection.
Next, we evaluated the voltage induced in the signal detection mode module with various receiver positions. The receiver generates an oscillating magnetic field, whereas the transmitter/relay modules measure the signal amplitude; this mechanism is used for the receiver proximity detection process before power routing. The requirement of this function is that each transmitter/relay module can estimate how close (i.e., strongly coupled) the receiver is to itself, and be able to easily distinguish the closest transmitter/relay module. The measurement was conducted as shown in Fig. 19(a) ; the receiver generates a 6.78 MHz magnetic field whereas the voltage induced on two relay modules were measured. The receiver was placed on the six points (d = 0, 5, 10, 15, 20, 25 cm), with three heights (h = 0, 5, 10 cm) and the output of the detection circuit for each case is shown in Fig. 19(b)-(d) . It can be seen that the mechanism has a sufficiently large dynamic range, therefore, the closest (i.e., the most strongly coupled) transmitter/relay module can be easily estimated through Eq. 3. Note that it is necessary to know the closeness in terms of magnetic coupling, therefore even in the case that the detection values do not directly collate with physical distance [see Fig. 19(b) , Relay #1 case where we can see a local maximum around d = 20].
Foreign Object Detection
To evaluate the foreign object detection function, we placed various metallic objects which are likely to be placed on everyday surfaces and investigated how they affect the system. The objects we considered are shown in Fig. 20 mode (i.e., off state) receivers to see if this interferes with the system. For this evaluation, we first conducted the object detection function, which is basically the same as the map generation function but only performed on the modules on the route, and examined if the induced voltage is affected by objects; if the fluctuation of the induced voltage can be observed by the signal detection circuit, these objects can be detected. The measurement procedure is shown in Fig. 20(f) . After this observation, we measured the transfer efficiency in the case that these objects exist on the power route, as shown in Fig. 20(h) . The results are shown in Fig. 20(g),(i) . The dotted lines show the values with no foreign object placed. It can be seen that the case for which efficiency significantly degrades corresponds with the case for which the detected value drops; Alvus's foreign object detection function can detect objects that significantly degrade efficiency in advance. Using this information, our system can construct a route that takes a detour around these obstructive objects. We note that our considerations in this study are envisioning up to a few Watts of power transfer, therefore we consider that only accounting for loss of efficiency is enough. In high-power systems (e.g., kilowatts) some reports show that even a small portion of energy used to heat up coils can lead to danger. Although the current system of Alvus does not account for this, we note that further consideration should be made when attempting high-power transmission for higher magnitudes. It is also shown from the Fig. 20(a) case that the receiver module in open mode does not affect either the detection Note: "input signal" represents the oscillating magnetic field generated by an adjacent module in the signal generation mode.
voltage or the transfer efficiency; this means that the off-state receivers can be successfully decoupled (i.e., made invisible) from the system, which allows flexibility in system operation.
Latency
Next, we evaluated the time consumed in each stage of operation: (1) resonator map generation, (2) receiver proximity detection, (3) dynamic power routing, and (4) powering each module. The dynamic power routing function consists of two sub-stages (i.e., route calculation and route validation), so we evaluated them separately. To observe the effect caused by the increase in the number of modules, we conducted the test premising two configurations: (a) one transmitter and five relays, and (b) one transmitter and seven relays. The results are shown in Table 2 . In addition to the time consumption at each stage, we also measured the breakdown (i.e., time used for communication, measurement, and processing) in each stage. Results show that the most remarkable cause of delay is communication, which will consequently loom as a bottleneck when charging quickly moving receivers; this limitation is discussed in section 6.2.2.
Power Consumption
Finally, we evaluated the power overhead of the modules. The relay module operates in four modes: open mode, short mode, signal generation mode, and signal detection mode. We evaluated the power consumption of each mode by substituting the LiPo battery with a source meter. The results are shown in Table 3 . The open mode and short mode consumed the same amount of power of around 90 mW. The signal generation/detection mode consumed power of at most 315 mW and 280 mW, respectively. Although this power consumption is not small, the time corresponding to this mode is considerably short compared to other components as shown in the "meas. " Fig. 21 . Demonstration of a wireless charging desk. By just laying Alvus modules on the back of the desk, we can transform a regular desk into a wireless charging desk. Table 2 ; therefore, we roughly approximated that the total power consumption of the module averaged over time is around 90 mW.
DISCUSSION 6.1 Applications
Potential applications of Alvus widely range from personal to industrial use-cases. For example, users can add wireless charging capabilities to ready-made furniture simply by placing tiles on it, or even transform whole factory floors into WPT surfaces to empower industrial robots. We demonstrate the capabilities of our prototype through three scenarios: a wireless charging desk, a wireless charging shelf, and a wirelessly powered robot.
6.1.1 Wireless Charging Furniture. Many electronics are placed on furniture. For example, many desks are equipped with desk lights, monitors, etc. Moreover, many mobile electronics such as smartphones and laptop computers are occasionally charged on desks as people stop by. Supplying power to these devices through cords not only limits mobility but also causes messy workplaces. WPT technology allows users to charge devices by simply placing them on the surface; this can make charging activities "unconscious". Today's wireless charging technology realizes manufacturing order-made desks with wireless charging capabilities integrated. However, manufacturing these desks would be extremely expensive.
We show in Fig. 21 (a) that we can retrofit typical, ready-made desks into wireless charging desks, simply by taping Alvus modules to the back of the top board. When electronics equipped with Alvus's receiver modules are placed on the desk, Alvus automatically detects the devices, constructs a route, and charges them as demonstrated in Fig. 21(b) .
Similarly, we demonstrated that the same concept can be easily modified to fit shelves as shown in Fig. 22 . By taking off the modules on the desk, re-arranging them to fit on shelf boards, and taping them to typical, ready-made shelves, these shelves can be instantly transformed into charging cabinets, where stowed electronics can be charged in a seamless manner. 6.1.2 Wirelessly Powered Robots. Alvus can also potentially work as a means of supplying energy to moving robots. Due to the autonomous and mobile nature of robots, seamless power supply is desired for continuous operation of the robots. Nowadays, power supply to the robots is realized by charging cradles, manual charging, or equipping large batteries, but these methods are likely to scale-out (e.g., many obstructive charging cradles, huge batteries, etc); turning the floor into a wireless charger is an option, although this requires a huge cost for construction/renovation.
Alvus can solve this problem by retrofitting typical floors into wireless charging surfaces. To show a functional prototype, we arranged Alvus modules on the floor like carpet tiles and charged a line tracing robot as shown in Fig. 23 . While the robot moves around the surface, Alvus dynamically detects the module closest to the robot, re-constructs the power route, and wirelessly charges the battery connected to Alvus's receiver module; this battery works as a buffer and enables the robot to move continuously. Since in our current implementation, the receiver detection and power supply cannot be performed simultaneously, a "dead-time", the time period that the robot is not charged, exists; however, as soon as the system re-locates the receiver, Alvus establishes the new power route and resumes charging [see Fig. 23(c)-(f) ].
We note that we conducted this demonstration with the route validation function (i.e., foreign object detection) disabled so as to reduce the overhead. This is certainly a limitation, although the main cause is the delay of communication as mentioned in section 5.4. Operation with all functions activated can be achieved by optimizing the communication protocol, which is a potential future research direction.
Limitations and Future Works
6.2.1 Power Transfer Efficiency. The factors that underlies in efficiency enhancement for general WPT systems are multi-fold, however in on our Alvus concept, there are two core factors that need to be considered: (a) maximum efficiency point tracking and (b) optimum route generation. As for (a) in "single" receiver cases, methods and implementations found in previous literature can be easily applied [28] . These studies can also be naively applied to "multiple" receiver systems by applying time-division multiplexing and charging each receiver one by one. Ideally, in this case, there is no upper limit for the number of receivers. However, each receiver experiences periodical "dead-times" when devices are not charged. To avoid this, the system can also generate routes to direct power to multiple receivers simultaneously. However, the extremely complex analytic formulation in this case makes it difficult to discuss the theoretical maximum efficiency conditions; therefore we leave this for future work.
System
Overhead. Minimizing the system overhead is another important direction for future work; this was revealed as a limitation when demonstrating the wireless charging of moving robots [see section 6.1.2]. As discussed in section 5.4, the most significant cause of overhead in Alvus is the time delay of the messages, which is restricted by the communication protocol (Bluetooth Mesh in current implementation). Optimizing communication protocols or using other out-of-bound communication channels should be an effective approach to speed-up operations such as route construction and receiver detection.
Another fundamental cause of overhead derives from the system operation procedure; the current implementation cannot execute the power supply and detection procedures (resonator map generation, receiver proximity detection, and foreign object detection) at the same time; therefore the time for detection inevitably becomes "dead times" for charging. This dead time impacts system performance in the following situations: (1) when one receiver is moved while the other receivers should be kept charged continuously, or (2) when charging moving devices (e.g., wirelessly charged robots). One promising solution is to use different frequency bands for charging and detection mechanisms (i.e., frequency-domain multiplexing), instead of the current implementation which is based on time-domain multiplexing.
Interference of Surface Material (Coupling with the Ground).
For the sake of simplicity, we did not consider the interference of surface material in this study. Through building applications, it was shown that our prototype works well when taped on wooden furniture or placed on the floor, therefore we considered that the effect of surface material is a minor issue in these cases. We note that when placing the device on the floor, rubber legs of 24 mm in height were attached on the back of the modules to accommodate the control board and battery between the coil and the floor. Considering a hypothetical case where the surface is composed of conductive material (e.g., aluminum, copper, iron, etc), eddy current will occur on the surface, which will induce copper loss as well as frequency shifts and significantly affect system performance. We will investigate these effects and explore methods to isolate surface material and Alvus modules (e.g., shielding with ferrite material) in the future.
6.2.4 Miniaturization/Optimization of Control Board. In the current implementation, the footprint and power consumption are not optimized because there are various functions left for debugging and further development. By fabricating custom designed integrated circuits (IC), it would be possible to reduce the size and the power consumption.
CONCLUSION
In this paper, we presented Alvus, a reconfigurable wireless charging system that enables the construction of wireless charging surfaces by simply laying ready-made modules. Alvus can retrofit everyday surfaces (desks, shelves, floor, etc.) into wireless charging surfaces in an instant and interactive manner. We discussed the design requirements, implemented a hardware prototype, evaluated the system performance, and provided potential applications of Alvus. Through the measurements, it was shown that Alvus can charge devices within a 19.6 m 2 area with an efficiency of over 25%.
